A detailed description of the reaction mechanisms provides insights into the PuO continuously oxidized by water in the gas-phase. Two reaction pathways were located, isomerization and dehydrogenation, and the corresponding different products are closely examined. Our results indicated that it is difficult to oxidize PuO with a water molecule at room temperature. In the early stages of reaction, the reaction rate constants of the first O-H bond dissociation are very small. Once the dissociations of the O-H bonds were complete, the remaining process will be exothermic, and the best thermochemical conditions observed at dehydrogenation around 42.3 kcal mol Rate constants were calculated between 298 and 1000 K by using variational transition-state theory including one-dimensional tunneling effects.
Introduction
Plutonium, which in some forms is used in most of the nuclear industry, has unique chemical and physical properties as well as strong chemical reactivity. When exposed to moisture and atmospheric components, the metal surface readily corrodes.
1
An in-depth understanding of the corrosion mechanism is an important basis for seeking effective plutonium surface corrosion resistance methods. Besides, exploring the most stable plutonium oxide and whether plutonium oxide further oxidizes are also important issues in plutonium science. 2, 3 Therefore, over the last few decades, the reaction of plutonium with small molecules in the gas phase has attracted signicant attention both in experimental [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and theoretical studies. [13] [14] [15] [16] [17] [18] [19] [20] [21] In addition, the reaction of plutonium with water which can provide some insight into the corrosive mechanism of steam on nuclear fuel is a more imperative and challenging research eld.
In terms of experimental study, PuO 2 solid reacts with water vapor to form PuO 2+x , which was detected and characterized by mass spectrometric (MS) analysis. 2, 8 These studies yielded an extremely important insight, that PuO 2+x is the stable oxides of plutonium, and H 2 formed during the Pu + H 2 O reaction will continue to participate in the reaction and produce plutonium hydroxide PuOH. In a recent experimental study, the gas phase monopositive plutonyl ion PuO 2 + reaction with water was investigated by employing electrospray ionization (ESI) mass spectrometry.
10
The spectra of products PuO 2 (OH) + , PuO 2 + (H 2 O) 4 and PuO 2 + (O 2 )(H 2 O) 3 were detected. Because of the experimental specicity of PuO, there is no report of PuO being continuously oxidized by H 2 O in the experiment. Undoubtedly, experimental investigations provide precious original information of the gas phase plutonium reacted with water. However, limitations still exist, and no direct structural and detailed mechanism information was obtained. On one hand, the potentially dangerous of plutonium brings difficulties and risks to the experimental study. On the other hand, the development and application of surface anti-corrosion experimental techniques require basic research provide detailed and in-depth understanding of the microscopic mechanism. As a crucial complement of experimental researches, these detailed information can reliably computed by density functional theory (DFT), and these theory methods have been successful used in the study of actinide corrosive reaction.
22-27
In 2015 and 2017, Ao 28, 29 reported the existence of PuO and the formation of hyperstoichiometric PuO 2 from rst principle calculation. There results indicated that PuO is thermodynamically unstable at ambient pressure.
In our recent theoretical study, 21 the mechanisms and molecular dynamics of the reaction of gas phase Pu atom with H 2 O were investigated by DFT computation. The reaction pathways shown in the following equations were determined.
The PuO + H 2 process was found as the minimum energy reaction channel of Pu + H 2 O reaction, with heat liberation around 36.7 kcal mol À1 . Our previous theoretical studies have demonstrated that such reactions are usually as two-state reactivity, which means there are intersystem crossing between the potential surfaces of different spin multiplicity.
26,27
In the work, we perform the DFT calculations combined with variational transition state theory, focusing on the investigation of detailed mechanism, topological properties and rate constants of gas phase PuO react with H 2 O molecules. From the electronic structure level, the microscopic mechanism of plutonium corrosion can be reasonably evaluated, and a reliable theoretical basis for the interpretation of the practical corrosions of plutonium will be provided. 35 for the Pu atom. The Pople type basis set 6-311++G(d,p) was adopted for O and H atoms. 36 These calculations were implemented in the Gaussian 03 package.
Computational details

37
The located transition states on each potential energy surface have examined by intrinsic reaction coordinate (IRC) calculation, and the corresponding imaginary frequency connect the reactants and products correctly. The reported relative energies include the vibrational zero point energy (VZPE) corrections. This set of research methods has been successfully implemented in previous study on corrosion reaction of actinide systems. The minimum energy crossing point (MECP) between different spin potential surfaces of was identied using the program of sobMECP program 38, 39 and Gaussian 03. In order to get more in-depth bonding characteristic information along the pathway, the topological analysis including electron localization function (ELF) 40, 41 and atoms-in-molecules (AIM) 42 as well as Mayer bond order 43 were performed. The topological properties of the (3, À1) bond critical points (BCP) in the gradient eld of the electron density were obtained. These analysis were performed with the Multiwfn package. 
Results and discussion
Although current computational methods have been successfully performed in the previous studies, we still verify the correctness of these methods in the plutonium oxide system. We calculated the vibrational frequencies of the PuO and PuO 2 complexes and compared with the available experimental data, of which the results are collated in Table 1 . As can be seen, the results from method schemes we adopted are in most cases closer to the available experimentally detected data.
Structures and energetics
For each species on the different spin potential surfaces, several initial geometries were constructed, and optimized by full geometry without symmetry constrain at different levels of theory. Triplet, quintet, and septuplet spin states were taken into account. Geometric parameters of the lowest energy spin states for stationary species are presented in Fig. 1 . It can be seen that the geometric parameters are relatively less dependence on the method, most bond lengths are within 0.05 A of the difference. These angles agree to AE5 , except for the O-Pu-O bond of complex III. The potential energy proles of PuO + H 2 O reactions are reported in Fig. 2 and 3 , the corresponding relative energies are regarding the reactants' ground state asymptotes.
We have found that the PuO + H 2 O has similar mechanisms with the insertion reaction for actinide atoms in our previous studies from an overall perspective. 17, 21, 26 Two reaction channels were found, isomerization and hydrogen elimination, and the formation of PuO 2 + H 2 is more thermodynamically favorable.
The reaction of PuO + H 2 O starts with the formation of the initial complex, OPu-OH 2 (I), exothermic by as much as
À12.2 kcal mol
À1 at ground state septuplet spin state. Hereaer, the rst O-H bond of water was activated, and the corresponding H atom will shi from O atom of water to PuO section. Our results show that there are two possible directions for this shi, one is perpendicular to the molecular plane and the H atom trapped by Pu atom; the other is in the molecular plane and the H atom trapped by O atom of PuO. Therefore, the reaction system overcomes two different transition states (TS1 and TS3) aer complex I. For the sake of discussion, the TS1 path is named path A, and TS3 path is named path B, the corresponding potential energy proles are plotted in Fig. 2 and 3 , respectively. As can be seen in Fig. 2 , the path A, the system proceeds to form the rst insertion intermediate (II) H-OPuOH through the TS1 in which the PuO is inserted into one of the O-H. The rst transition state TS1 with an activation barrier of 9.1 kcal mol À1 at the PW91/SDD level, and the imaginary frequency of À1219.12 cm À1 correspond primarily to the migration of the H atom from the O atom to the Pu atom. In this process, the system involves crossings between surfaces of quintet and septuplet spin states, and the minimum energy path changes from septuplet to quintet state. Another channel is dehydrogenation process. As can be seen, in this process, the intermediate II product rst passes through a no-threshold isomerization process to form intermediate IV, and the corresponding molecular structure changes from triangular pyramid (II) to plane (IV). The change in energy during this process is relatively small, 3.2 kcal mol À1 with the PW91/SDD method. From IV, the second H atom migrating from oxygen to plutonium evolved into a hydrogen complex (H 2 ) PuO, complex V in Fig. 2 . This process needs to overcome a fourcenter transition state TS4, which lay 20.8 kcal mol À1 below the asymptotes, with an imaginary frequency of À1133.11 cm À1 and described a motion in which the two hydrogen atoms moving together. This dehydrogenation of PuO + H 2 O was calculated to be exothermic at À42.3 kcal mol À1 at PW91/SDD level of theory.
For path B, as shown in Fig. 3 , the path B is also an isomerization process, and the isomeric product is HO-Pu-OH (III).
Comparison of path A and path B reveals that these two channels have the same isomeric product but undergo two different transition states. Compared to the path A, the path B can be directly isomerism from the initial complex I, only need the system overcomes a transition state TS3. Table 2 . We can see that energies were consistent in most case except for B3LYP/SDD which overestimated the relative energy of TS3 and TS4. In addition, we checked the hS 2 i values to ensure the spin contamination was minimal.
As discussed above, this reaction involves crossing between surfaces of quintet and septuplet spin states. It is worth mentioning that these intersystem crossings play an important role in the progress of the reaction, since it characterizes where the transition is most likely to take places. The MECPs between states of different spin have been located by the sobMECP method. We rst determine the MECP between the septuplet and quintet surfaces in the region from complex I to TS1, marked as MECP , and the MECP between the septuplet and triplet surfaces in the region from TS1 to complex II, marked as MECP(7-3). The molecular structures of MECPs at the PW91/SDD level of theory are shown in Fig. 4 . The MECP(7-5) has a nonplanar geometry in which the Pu-O yl , Pu-H and O-H bond lengths are 2.218, 2.189 and 1.368 A, respectively. This geometry is very similar to TS1, means that it is a late crossing point, leading to the barrier height from 14.9 to 9.1 kcal mol À1 at the PW91/SDD level. For the MECP(7-3), the Pu-O yl and Pu-H bond lengths are 2.133 and 2.136 A, and the H-Pu-O yl angle is 57.86 .
Analysis of the whole reaction of PuO + H 2 O, we found that the reaction mechanism is similar with the activation of H 2 O by actinide atoms and ions.
21-24,50-52
The reaction mechanisms according to the universal channel proposed, the rst step is the formation of a actinide -OH 2 complex followed with an O-H bond broke by the insertion of the actinide molecule. Aer that the rst insertion intermediate will be generated, and this process is usually the key step of the whole reaction, with the largest reaction coefficients. In addition, this process always involves a crossings between surfaces of different spin states, with the exception of Pu + H 2 
Bonding characteristics
In this section, we conducted the ELF, AIM and Mayer bond orders analysis to get a deeper understanding of the bond characteristics evolution. It is worth emphasizing that ELF + AIM analysis are powerful tools to analyzing the nature of the interaction between atoms, and have been successfully used in the actinide system.
47-53
The ELF shaded surfaces with projection maps of stationary points on the PuO + H 2 O potential energy surface optimized at the PW91/SDD levels of theory are displayed in Fig. 5 . The AIM parameters of the main BCPs of each species are listed in Table 3 . These topological parameters include electron density r(r) and its Laplacian V 2 r(r), the kinetic G(r) and potential energy density V(r), H(r) is the total energy density. H(r) was used as a criterion, 54 negative H(r) corresponds to covalent interactions and positive H(r) correspond to closed-shell interactions. l 1 and l 2 are the eigenvalues of the Hessian of the energy density, and 3 ¼ l 1 /l 2 À 1 denotes the ellipticity of the BCP. The 3 was used as a measure of asphericity of the curvature of the r(r) in BCP, and served as a criterion to indicate the p nature of bonds. As shown in Fig. 5 , for rst complex OPu-OH 2 , there is no disynaptic valence basin between Pu and O yl atom, which means that there is no electron concentration between these two atoms. The AIM analysis results show that these is a (3, À1) BCP between Pu and O yl atom, and the corresponding electron density r(r) is 0.04 and the H(r) is 0.001. Positive H(r) value means that Pu-O yl interaction is a closed-shell interaction in complex I. In the case of TS1, the ELF and AIM results indicate that the Pu-O yl bond is gradually formed in this process. Although the corresponding H(r) is small (À0.017), it is still an indicator of the increase in the electronic density of the Pu-O yl BCP. Besides, the H(r) of the O-H 1 bond is drops strongly compared to the O-H 2 bond, which means that the O-H 1 bond has a tendency to break.
In regard to the complex II, H-OPuOH, the ELF and AIM analysis shows that in this process the system involves a signicantly change. The ELF result indicates that the disynaptic V(O-H 1 ) basin has been replaced by the V(Pu-H 1 ) basin, which means that the Pu-H 1 bond was formed. The topological analysis shows there is a (3, À1) BCP between Pu and H 1 atoms, and the H(r) is À0.080 reveals that this Pu-H 1 bond belongs to covalent interactions. Besides, ELF and AIM analysis reveals the interaction of Pu-O yl was strengthened, which was reected by the increased H(r) of Pu-O yl .
In terms of TS2, the ELF and AIM analysis indicates that there is no disynaptic V(Pu-H 1 ) basin and (3, À1) BCP between Pu and H 1 atoms, which means that this Pu-H 1 bond has been broken in this process. Besides, the r(r) of Pu-O p and Pu-O yl are decreasing, due to the sustained isomerization of molecular structure. In the case of the isomeric product HO-Pu-OH (III), the corresponding ELF projection map like a beautiful buttery. The ELF and AIM analysis of the IV show that there are V(Pu-H 1 ) and V(Pu-O yl ) disynaptic valence basins, and an increase in the r(r) of Pu-O yl . In the case of TS4, these two H atoms are attracted to each other and gradually form bond, which proved by the V(H 1 -H 2 ) disynaptic valence basin and the negative value of H(r) À0.049. This trend is more pronounced in the complex V. As can be seen in the Table 3 , the H(r) of H 1 -H 2 in V is À0.243, and there is a BCP between Pu atom and H 1 -H 2 group with H(r) is 0.001, these values reveal that the Pu-(H 1 H 2 ) interaction with the closed-shell characteristic.
In the case of the critical transition state TS3 in path B, the H 1 atom has been bonded to the O p atom of PuO, as evidenced by the V(O p -H 1 ) disynaptic valence basin and the corresponding H(r) is À0.086. Meanwhile, the interaction of Pu-O yl was enhanced compared to the initial complex I. A higher r(r) (0.061) and more negative H(r) (À0.003) were found for Pu-O yl in TS3 than in complex I.
As mentioned above, the ellipticity 3 is the index of the p nature of the bonds. From Table 3 Mayer bond orders analysis for all of the lowest-energy spin state species are listed in Table 4 . As can be seen, the conclusions of Mayer bond order analysis are agree with the ELF and AIM analysis. In complex I, the Pu-O yl bond order is 0.15 indicating there is no covalent interaction between these two atoms. As the PuO + H 2 O reaction proceeds, the interaction between Pu atom and ligands is strengthening, as evidenced by the increasing of the Pu-O yl bond order.
Reaction rate constants
Rate coefficients (k) were calculated using the VTST method, and the energies and frequencies data used in this section were obtained by PW91/SDD in the reaction mechanism. In addition, the one-dimensional tunneling effects Wigner and Eckart were taken into account.
Firstly, we calculated the variational effect of the titled reaction, the results indicate that both the barriers of classical potential energy (V MEP ) and the ground state adiabatic potential energy (V G a ) were located at the original transition state, which means that there is no variational effect, and k VTST is equal to the k TST . The concrete calculation of the rate constants is carried out according to the following expression
where s is the reaction path degeneracy, k b and h are the Boltzmann's constant and Planck's constant, respectively. T is the temperature, P is the pressure and P 0 ¼ 1 bar. Dn is the parameter Fig. 6 Rate constants log 10 k with 1000/T plots of PuO + H 2 O reaction. that distinguishes the bimolecular and unimolecular reaction. DG 0, ‡ (T) is the standard Gibbs free energy of activation.
The predicted rate constants log 10 k with 1000/T graphics of PuO + H 2 O are presented in Fig. 6 , and rate constants k at 298 and 600 K are collected in Table 5 . By analyzing these data, we can see that the HPuO-OH / PuO 2 + H 2 is the fastest part of the whole reaction. The process of dissociating the O-H bond of H 2 O at room temperature is very slow, but as the temperature rises, this progress getting more faster. In contrast, the elevated temperature did not signicantly increase the rate of dehydrogenation. By comparison, we found that the tunneling effects in the dehydrogenation process were more obvious than in the dissociating O-H bond one.
Conclusions
The present work describes a systematic investigation of the gas phase PuO react with H 2 O molecule. The detailed mechanism, topological properties and rate constants were obtained. The main conclusions are summarized as follows,
(1) Two reaction channels were found, there are isomerization and dehydrogenation. The later one was the minimum energy reaction pathway. Our results reveal that this process involve crossing between surfaces of quintet and septuplet spin states, and the corresponding MECPs were located.
(2) Topological property analysis can make us understand the nature of the bonding behavior along the reaction. Our ELF and AIM results show that at the beginning of the reaction, the PuO and H 2 O molecule are getting close to each other by electrostatic interaction and form an initial complex I, and Pu-O yl interaction is a closed-shell interaction in this complex. As the reaction progresses, the covalent properties are gradually reected between the Pu-O yl atoms.
(3) The reaction rate constant results show that it is not easy to dissociate the rst O-H bond by PuO at room temperature. Once the O-H bonds were dissociated, the remaining process will be exothermic.
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